1.. Introduction {#S1}
================

Impaired behavioral flexibility is a phenotype observed in several neuropsychiatric disorders and most commonly in autism, Tourette syndrome and ADHD. Although previous studies have found that cortical and striatal circuits support cognitive flexibility, the knowledge of synaptic changes that underlie deficits in this behavior, and its relationship to neuropsychiatric disorders remains incomplete. Neurexins are strongly associated with neuropsychiatric disorders and interact with a repertoire of post-synaptic proteins of which neuroligins are most studied (reviewed ([@R49], [@R60])). Recent studies have demonstrated that GluDs interact with presynaptic Neurexin via the complement pathway family protein cerebellin 1 (Cbln1) released from presynaptic terminals. Together, the GluD-Cbln1-Neurexin forms a trans-synaptic complex that mediates the development and maintenance of specific synapses in young and adult mice ([@R54]; [@R34]). This function has been well established at parallel fiber-Purkinje cell (PF-PC) glutamatergic synapses, where loss of GluD2 or Cbln1 reduces number of PF-PC synapses and impairs normal LTD and motor learning ([@R61]).

In contrast to GluD2, the function of GluD1, which is enriched in corticolimbic regions and striatum ([@R28]; [@R21]), is less understood. Nonetheless, copy number variations (CNVs) and single nucleotide polymorphism studies show a strong association of *GRID1* gene, that codes for GluD1, with autism ([@R15]; [@R37]; [@R47]; [@R13]) and schizoaffective disorders ([@R8]; [@R10]; [@R16]; [@R14]; [@R51]). In addition, missense mutations in *GRID1* underlie developmental delay and intellectual disability (([@R52]); FENS Neuroscience 2016, C.16.B, Laumonnier and Toutain). Altered GluD1 expression is found in Rett syndrome-patient derived neurons and in a mouse model of Rett syndrome ([@R33]; [@R41]). These findings, together with the strong association of neurexin with Tourette syndrome, autism and schizoaffective disorders ([@R49]), suggest that GluD1-Cbln1-Neurexin is a highly vulnerable node for neuropsychiatric disorders. Thus, a better understanding of the organizing principle of GluD1 in the forebrain may provide mechanisms underlying behavioral phenotypes in neuropsychiatric disorders.

We have previously shown that GluD1 knockout mice exhibit impaired reversal learning and repetitive behaviors ([@R59]). In the present study, we probed the potential mechanism of impaired behavioral flexibility due to GluD1 deletion using a conditional knockout strategy. Our findings demonstrate that GluD1 in the dorsal striatum regulates behavioral flexibility in water T-maze test, and contributes to the anatomical and functional integrity of the thalamostriatal over the corticostriatal system, providing a mechanism by which genetic variations associated with neuropsychiatric disorders may result in impaired behavioral flexibility.

2.. Materials and methods {#S2}
=========================

Detailed materials and methods are provided as [Supplementary Information](#SD1){ref-type="supplementary-material"}.

2.1.. Animals {#S3}
-------------

Male and female mice were used in this study. GluD1 KO mice ([@R12]) were on 95% C57BL/6 and remaining 129SvEv background. GluD1^flox/flox^ mice (generous gift from Dr. Pei Lung-Chen, on congenic C75BL/6 background) were crossed with Emx1-Cre (congenic C57BL/6, 005628 Jackson Labs) or Rgs9-cre (mixed C57BL/6 and 129SvEv background ([@R5])) driver mice to selectively ablate GluD1 from the corticolimbic region or striatum, as previously described ([@R32]). In animals without any surgical manipulation, electrophysiology and immunohistochemical studies were carried out at 4--6 weeks of age and 3--4 months of age for behavioral studies. For mice with surgical manipulation all studies were carried out at 3--4 months of age. All experimental protocols were approved by the Creighton University Institutional Animal Care and Use Committee Policies and Procedures.

2.2.. Stereotaxic surgery and viral delivery {#S4}
--------------------------------------------

Mice were anesthetized with isoflurane and placed in a stereotaxic frame. Skull was exposed, and a small hole was drilled through the skull at the coordinates for the dorsal striatum, ventral striatum or parafascicular nucleus (Pf). The injection needle was lowered, and virus particles were delivered at a rate of 1 nl/s (total volume 150 nl) using a UMP3 micro-syringe pump (World Precision Instruments).

3.. Behavior {#S5}
============

3.1.. Water T-maze {#S6}
------------------

On day 1, the acquisition training was started and for every animal the platform was kept on opposite side to the preferred side assessed during habituation on day 0. Ten trials were carried out per day with an inter-trial interval of \~10 min. Following scores were given; 0 for correct choice, 1 for non-platform arm entry (incorrect choice), and 2 if after successfully finding the platform mouse left the platform arm. Once the daily criterion of 80% correct choices for four consecutive days was reached, reversal learning was started in which platform location was switched to the opposite side arm. Total errors (consistent entries between the incorrect arm and start arm), preservative errors (incorrect arm entry) and regressive errors (any entry made after successfully finding the platform) were analyzed.

4.. Electrophysiology {#S7}
=====================

Whole-cell electrophysiology voltage-clamp and current-clamp recordings were performed as previously described ([@R17]; [@R18]; [@R32]). 300-μm thick parasagittal or approximately 30° oblique horizontal sections were prepared using vibrating microtome. Electrical-evoked corticostriatal EPSCs were induced by a bipolar tungsten electrode placed in the layer 6 of the cortex. Thalamostriatal EPSCs were evoked by 5 ms 470 nM LED light delivered by a fiber optic cannula.

5.. Immunohistochemistry {#S8}
========================

5.1.. Confocal microscopy {#S9}
-------------------------

Immunohistochemistry and confocal imaging was conducted, as previously described ([@R17]; [@R18]). For vGluT1 and vGluT2 puncta analysis, the central dorsal striatum region was analyzed. Co-localization and puncta number were analyzed using Volocity software (PerkinElmer Inc. Coventry, United Kingdom). The number of puncta per image was filtered based on intensity and size range (≥ 0.1--0.3μm^3^) and 3--8 images were analyzed per animal.

5.2.. Immuno-electron microscopy {#S10}
--------------------------------

Brains were EM immunostained with a highly specific GluD1 antibody ([@R28]) using the immunoperoxidase method, as described in our previous studies ([@R42]). Random series of 50--55 micrographs of striatal tissue from the surface of the blocks that contained immunoreactive profiles were taken at 25000×. GluD1-immunoreactive elements that could be categorized as neuronal or glial profiles were counted and expressed as relative percentage of total labeled elements.

6.. Results {#S11}
===========

6.1.. Striatal, but not corticolimbic, GluD1 regulates behavioral flexibility {#S12}
-----------------------------------------------------------------------------

We first evaluated the effect of ablation of GluD1 from the corticolimbic region and striatum, which are the two most enriched regions of GluD1 expression ([@R28]; [@R21]), on behavioral flexibility in a water T-maze task. Selective deletion of GluD1 from corticolimbic region and striatum was achieved by crossing GluD1^flox/flox^ with Emx-1-Cre as previously described ([@R32]). In water T-maze task, no significant difference was observed in mice with corticolimbic deletion of GluD1 (corticolimbic-GluD1 KO) in habit acquisition learning or in the reversal learning ([Fig. 1B](#F1){ref-type="fig"}--[B](#F1){ref-type="fig"}"'; [Supplementary Fig. 1A](#SD1){ref-type="supplementary-material"}). Corticolimbic-GluD1 KO were also similar to wildtype in rotarod test and open field test in total distance traveled ([Fig. 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). We then conducted water T-maze test in mice with striatal ablation of GluD1 (St-GluD1 KO), in which most GluD1 protein was abolished from the dorsal striatum ([Supplementary Fig. 1D](#SD1){ref-type="supplementary-material"}, [E](#SD1){ref-type="supplementary-material"}). In St-GluD1 KO mice, no significant difference was observed in percent errorless trials across days ([Fig. 1F](#F1){ref-type="fig"}), but they took a significantly shorter time to find the platform ([Fig. 1F](#F1){ref-type="fig"}'). In addition, significantly fewer days were taken to reach the criteria for habit acquisition learning (WT 4.250 ± 0.6756 vs. St-GluD1 KO 1.714 ± 0.4118, *p* = .0030, unpaired t-test). In reversal learning, St-GluD1 KO mice committed significantly more total errors than WT in the first trial (WT 2.167 ± 0.5198 vs. St-GluD1 KO 4.500 ± 0.9002, *p* = .0421, unpaired t-test). The number of total errors on day 1 (including trial 1 to trial 10) was significantly higher in St-GluD1 KO mice than WT animals ([Fig. 1F](#F1){ref-type="fig"}"). When the total errors on Day 1 were divided into perseverative or regressive errors, St-GluD1 KO mice made significantly more preservative errors in trial 1 on day 1 (WT 1.583 ± 0.2289 vs. St-GluD1 KO 2.929 ± 0.4625, p = .0174, unpaired t-test) and in total preservative errors on day 1 and day 2 than wildtype mice ([Fig. 1F](#F1){ref-type="fig"}"'). No difference was observed in the percent trials completed without error during reversal training ([Supplementary Fig. 1E](#SD1){ref-type="supplementary-material"}). Overall, these results suggest that striatal GluD1, but not corticolimbic GluD1, regulates behavioral flexibility during the water T-maze task. In rotarod test, which is used to assess motor coordination and repetitive behaviors ([@R43]), St-GluD1 KO mice showed greater latency to fall compared to wildtype, with no change in open field test ([Fig. 1G](#F1){ref-type="fig"}, [H](#F1){ref-type="fig"}). We also tested corticlimbic-GluD1 KO and St-GluD1 KO in other behavioral and cognitive tasks. No differences were observed in other motor, sensorimotor and cognitive tests in either genotype ([Supplementary Fig. 1B--I](#SD1){ref-type="supplementary-material"}). These results suggest that deletion of striatal GluD1 selectively impairs behavioral flexibility, but improves habit learning behaviors.

6.2.. Reduced behavioral flexibility maps to GluD1 in the dorsal striatum {#S13}
-------------------------------------------------------------------------

In order to better understand the origin of impaired behavioral flexibility upon GluD1 ablation from the striatum, we tested the effect of local ablation of GluD1 by cre recombinase expression using viral vectors in GluD1^flox/flox^ mice. AAV-eGFP or AAV-eGFP-Cre were injected into the dorsal striatum (centromedial region) of GluD1^flox/flox^ mice ([Supplementary Fig. 2A](#SD1){ref-type="supplementary-material"}--[B](#SD1){ref-type="supplementary-material"}), and after sufficient survival time for optimal expression water T-maze test was conducted. Similar to St-GluD1 KO in the water T-maze task, the AAV-eGFP-Cre mice took a significantly shorter time to find the platform than AAV-eGFP animals on testing days 2, 5 and 6 ([Fig. 2B](#F2){ref-type="fig"}'). However, the percentage of trials without errors was not significantly different ([Fig. 2B](#F2){ref-type="fig"}). In the reversal learning task, the deficits in the AAV-eGFP-Cre mice were consistent with those described in St-GluD1 KO mice with more total perseverative errors on day 1 and day 2 than in control animals ([Fig. 2B](#F2){ref-type="fig"}", [B](#F2){ref-type="fig"}″'). In contrast, mice with ventral striatum GluD1 deletion did not exhibit differences in the number of total or preservative errors in the water T-maze test ([Fig. 2F](#F2){ref-type="fig"}"), indicating that GluD1 function in the dorsal striatum is critical for the regulation of behavioral flexibility. Deletion of GluD1 from the dorsal striatum, but not the ventral striatum, also led to an increase in latency to fall in rotarod test with no change in the total distance traveled in the open field test ([Fig. 2C](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}, [G](#F2){ref-type="fig"}, [H](#F2){ref-type="fig"}).

6.3.. Cellular and subcellular localization of GluD1 immunoreactivity in the striatum {#S14}
-------------------------------------------------------------------------------------

To determine the potential sites where GluD1 may mediate its functional effects in the striatum, we assessed the localization of GluD1 using light, electron and confocal microscopy. At the light microscopic level, GluD1 immunoreactivity is heavily expressed in the striatum of WT mice, but the staining is completely abolished in GluD1-KO mice, demonstrating the specificity of the GluD1 antibody used in this study ([Fig. 3A](#F3){ref-type="fig"}--[B](#F3){ref-type="fig"}). Although intense across the whole striatum, patches of striatal neuropil display a lower intensity of immunostaining than neighboring regions, a pattern reminiscent of the patch/matrix striatal compartmentation ([@R22]). In the electron microscope, striatal GluD1 immunoreactivity was predominantly found in dendritic shafts (47.9 ± 1.2% of total GluD1-labeled elements) and glial processes (37.7 ± 2.5%) over dendritic spines (14.3 ± 2.6%) ([Fig. 3B](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}). Relevant to these results, GluD1 mRNA has been reported in oligodendrocyte precursor cells (OPCs) ([@R31]; [@R45]), a cell-type known to interact with neurons via axo-glial synapses ([@R3]).

The striatum receives major excitatory inputs from the thalamus and cortex that can be distinguished by vGluT2- and vGluT1-positive terminals, respectively ([@R11]). In confocal microscopy, our findings indicate that GluD1-immunoreactive elements were far more frequently co-localized with vGluT2 (thalamic)- than vGluT1 (cortical)-immunoreactive puncta (vGluT1 1.12 ± 1.02 vs. vGluT2 10.31 ± 1.46 GluD1+ elements/2000 μm^2^ of striatal tissue) ([Fig. 3G](#F3){ref-type="fig"}), thereby suggesting a preferential association of GluD1 with thalamostriatal over corticostriatal terminals.

6.4.. Deletion of striatal GluD1 reduces excitatory neurotransmission in MSNs and thalamostriatal vGluT2 expression {#S15}
-------------------------------------------------------------------------------------------------------------------

To understand the potential synaptic functions of striatal GluD1, we first recorded mEPSC and mIPSC from MSNs in both the constitutive and St-GluD1 KO models. A significant reduction in the frequency, but not the amplitude, of mEPSC was observed in MSNs of St-GluD1 mice ([Fig. 4A](#F4){ref-type="fig"}). No significant change in mIPSC frequency and amplitude was observed ([Fig. 4B](#F4){ref-type="fig"}). In current-clamp recordings, a significant reduction in spike frequency of MSNs at higher current injections was observed in St-GluD1 KO further suggesting reduced excitability of MSNs in these animals ([Fig. 4C](#F4){ref-type="fig"}). No change in the resting membrane potential, input resistance or rheobase was observed ([Fig. 4D](#F4){ref-type="fig"}). When other features of excitability were analyzed a greater accommodation was seen in St-GluD1 KO mice at 300 pA current injection but not 200 pA current injection ([Supplementary Fig. 3A](#SD1){ref-type="supplementary-material"}, [B](#SD1){ref-type="supplementary-material"}). No changes were observed in the first spike latency or last inter-spike interval in St-GluD1 KO ([Supplementary Fig. 3C](#SD1){ref-type="supplementary-material"}, [D](#SD1){ref-type="supplementary-material"}). Reduction in mEPSC frequency, with no change in mIPSC properties, was also observed in constitutive GluD1 KO ([Supplementary Fig. 4A](#SD1){ref-type="supplementary-material"}, [B](#SD1){ref-type="supplementary-material"}).

We next assessed the changes in number of vGluT1- and vGluT2-immunoreactive puncta in the dorsal striatum of St-GluD1 KO mice to determine whether the reduced mEPSC frequency seen in MSNs of these animals was due to a specific reduction in the prevalence of cortical or thalamic terminals. This analysis revealed a significant reduction in the prevalence of vGluT2-positive puncta, with no change in vGluT1 puncta counts, in the dorsal striatum of St-GluD1 KO mice ([Fig. 4E](#F4){ref-type="fig"}). A specific reduction in vGluT2 puncta counts in the dorsal striatum was also observed in constitutive GluD1 KO mice ([Supplementary Fig. 5A](#SD1){ref-type="supplementary-material"}). We also assessed the changes in thalamic and cortical terminals in mice with selective ablation of GluD1 in the dorsal striatum using AAVs. A significant reduction in the number of striatal vGluT2, but not vGluT1, puncta was seen in the GluD1-ablated striatal region ([Supplementary Fig. 5B](#SD1){ref-type="supplementary-material"}, [C](#SD1){ref-type="supplementary-material"}).

6.5.. Pf-MSN synapses show higher AMPA/NMDA ratio upon deletion of striatal GluD1 {#S16}
---------------------------------------------------------------------------------

The enrichment of GluD1 in dendritic shafts suggests that GluD1 may localize preferentially to projections from parafascicular nuclei of the thalamus (Pf) since it is the major source of asymmetric axo-dendritic synapses in the striatum ([@R7]; [@R44]). Additionally, Pf shows strong expression of Cbln1 ([@R35]; [@R38]) which the major synaptogenic partner of GluDs. This hypothesis is further supported by immunohistochemical results demonstrating that GluD1 is preferentially co-localized with thalamic terminals and that loss of GluD1 specifically reduces the number of thalamostriatal terminals. Thus, we determined if St-GluD1 deletion affects glutamatergic transmission and other neuroplastic properties of Pf-MSN synapses. To do so, we used optogenetics to compare the effects of light activation of Pf-striatal axons on MSNs activity between WT and St-GluD1-KO mice. AAV-ChR2 was injected into the Pf, and after sufficient expression, ex vivo optogenetic experiments were conducted.

Mice in which the viral vector injection sites spread outside the nuclear confines of Pf were not used. No change in paired-pulse ratio was observed at Pf-MSN synapses in St-GluD1 KO mice ([Fig. 5C](#F5){ref-type="fig"}). As previously reported ([@R9]), the ratio of AMPA/NMDA receptor currents at Pf-MSN synapses was smaller than at corticostriatal synapses in WT mice. However, a significant increase in the AMPA/NMDA receptor current ratio was found in St-GluD1 KO mice ([Fig. 5D](#F5){ref-type="fig"}). Deletion of striatal GluD1 did not significantly affect the rectification index of AMPA currents suggesting potentially no change in composition ([Fig. 5E](#F5){ref-type="fig"}). We also conducted ex vivo optogenetic experiments to determine input-output ratio at Pf-MSN in wildtype and St-GluD1 KO, however these were not informative due to the variability in infection efficiency across animals. As an alternate strategy to evaluate whether the shift in AMPA/NMDA ratio may be due to change in NMDA receptor currents, we measured NMDA receptor sEPSCs. A significant reduction in the frequency of NMDA receptor sEPSC, but no change in amplitude, was observed in GluD1 KO ([Supplementary Fig. 6A](#SD1){ref-type="supplementary-material"}), suggesting minimal postsynaptic effect. It is also possible that sEPSC recordings failed to detect specific changes of Pf-MSN synapses. We further analyzed synaptoneurosomal preparations from the dorsal striatum of wildtype and St-GluD1 KO mice to examine if there were any changes in the expression of AMPA and NMDA receptor subunits. No change was observed in the expression of total AMPA receptor subunits detected using pan-AMPA antibody in St-GluD1 KO. However, a significant reduction in GluN1 subunit expression was observed in St-GluD1 KO ([Supplementary Fig. 6B](#SD1){ref-type="supplementary-material"}). Thus, it is possible that reduced NMDA receptor content is responsible for the increase in AMPA/NMDA ratio at Pf-MSN synapses.

Because plasticity mechanisms such as long-term depression may underlie reversal learning, we further tested whether the loss of GluD1 affected LTD at Pf-MSN synapses. LTD was induced by activation of mGluR1/5 receptors using DHPG. DHPG produced a similar reduction in amplitude of light-evoked AMPA EPSCs at Pf-MSN synapses in WT vs St-GluD1 KO mice ([Fig. 5F](#F5){ref-type="fig"}). Along the same line, the synaptic depression effects of D-serine on the amplitude of AMPA-mediated EPSCs at Pf-MSN synapses were not significantly different between WT and St-GluD1 KO mice ([Fig. 5G](#F5){ref-type="fig"}). These data suggest that GluD1 is not necessary for these forms of striatal synaptic plasticity.

6.6.. No functional changes at corticostriatal synapses upon striatal deletion of GluD1 {#S17}
---------------------------------------------------------------------------------------

We next examined whether GluD1 affected properties of corticostriatal synapses in St-GluD1 KO animals. We found no change in paired-pulse facilitation, AMPA/NMDA ratio and spike threshold at cortico-striatal synapses in MSNs of these mice compared to WT ([Fig. 6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}). Cortico-striatal synapses also appeared to be functionally intact in constitutive GluD1 KO with no change in AMPA/NMDA ratio and paired-pulse ratio or DHPG-induced LTD ([Supplementary Fig. 7A](#SD1){ref-type="supplementary-material"} to [C](#SD1){ref-type="supplementary-material"}). Additionally, D-serine did not affect DHPG-induced LTD in WT mice ([Supplementary Fig. 7D](#SD1){ref-type="supplementary-material"}). No change in DHPG-induced LTD was noticed when analyzing mEPSC in MSNs or CA1 neurons which are also enriched in GluD1 ([Supplementary Fig. 8A](#SD1){ref-type="supplementary-material"}, [B](#SD1){ref-type="supplementary-material"}). Moreover, unlike dorsal striatum MSNs, CA1 neuron mEPSC characteristics were unchanged in GluD1 KO ([Supplementary Fig. 8C](#SD1){ref-type="supplementary-material"}), suggesting region-specific effects of GluD1 on excitatory neurotransmission.

Recent studies have suggested that activation of metabotropic glutamate receptors 1/5 (mGluR1/5) may induce ion channel currents via the GluD receptors ([@R1]; [@R2]). We examined whether this property may be altered in GluD1 KO which could affect behavior. Thus, we evaluated whether DHPG induces GluD1-dependent ion channel currents in striatal MSNs and CA1 pyramidal neurons. In MSNs, no significant change in baseline was observed with DHPG in both WT and St-GluD1 KO mice ([Supplementary Fig. 9A](#SD1){ref-type="supplementary-material"}). Similarly, although DHPG application led to a slow current in CA1 hippocampal neurons, its amplitude was not significantly different between WT and GluD1 KO animals ([Supplementary Fig. 9B](#SD1){ref-type="supplementary-material"}). Together, the behavioral changes induced by GluD1 depletion in the dorsal striatum cannot be explained by dysregulation of mGluR1/5 function.

7.. Discussion {#S18}
==============

7.1.. GluD1 functions as a synaptic organizer in the striatum {#S19}
-------------------------------------------------------------

In addition to the canonical neurexin-neuroligin adhesion molecules, recent studies have identified several proteins that may serve as synaptic organizers by inducing formation and/or maintenance of specific synapses. Among these complement family proteins, C1ql1 and Cblns as well as glia-derived molecules such as hevin, play a critical role in formation/maintenance of cerebellar and cortical synapses ([@R49]; [@R60]). The GluDs, which bind to Cbln1 with their aminoterminal domain, have long been considered orphan receptors due to lack of ligand-gated ion channel activity, are now known as synaptic organizers in the cerebellar cortex. However, their role outside the cerebellar cortex remains largely unknown. Our findings identify a unique synaptic organizer property of GluD1 in the dorsal striatum whereby it plays a role in the maintenance of thalamostriatal, but not corticostriatal, glutamatergic synapses. We found that GluD1 was preferentially localized to dendritic shafts, the main synaptic target of thalamic terminals from the Pf ([@R7]; [@R44]; [@R42]), and that ablation of GluD1 led to reduced excitatory neurotransmission in MSNs and decreased prevalence of vGuT2 (putatively thalamic) terminals in the dorsal striatum. Further evidence for GluD1 association with Pf-striatal projections come from our light microscopic data ([Fig. 3A](#F3){ref-type="fig"}) showing a lower level of GluD1 expression in presumed striatal patches, a striatal compartment known to be devoid of Pf inputs ([@R22]). Since no change in paired pulse ratio was observed, these results suggest that reduced mEPSC was not due to a change in release probability, but most likely a reduced number of functional glutamatergic synapses. Because of the specific enrichment of Cbln1, the synaptogenic partner of GluD1, in Pf, and the known role of Cbln/GluD complex in synapse formation/maintenance in other brain regions, we suggest that the lower excitatory neurotransmission recorded in striatal neurons may result from a specific loss of Pf-MSN terminals. Since the optogenetic stimulation of Pf-MSN synapses was still intact in St-GluD1 KO, it suggests that loss of GluD1 does not completely eliminate Pf-MSN synapses. Instead, the remaining Pf-MSN synapses exhibit a shift in AMPA/NMDA ratio, but no change in chemical LTD mechanisms. Additional electrophysiology experiments are needed to determine whether deletion of GluD1 affects other forms of plasticity at Pf-MSN synapses. We have previously found a reduction in AMPA receptor subunit expression and an increase in NMDA receptor subunit expression in prefrontal cortex and hippocampus of GluD1 KO, and a contrasting increase in AMPA and kainate subunit expression in the amygdala ([@R58]; [@R59]). Thus, the increase in AMPA/NMDA ratio at Pf-MSN synapses in St-GluD1 KO is reminiscent of changes observed upon GluD1 deletion in amygdala. In contrast to the thalamostriatal system, the corticostriatal synapses were intact after GluD1 deletion.

The preferential role of GluD1 in the regulation of Pf-MSN synapses is likely due to the strong and specific expression of Cbln1 in the Pf, known as the main source of thalamostriatal projections in rodents ([@R35]; [@R38]). Although Cbln2 is also expressed in cortical and Pf neurons, its affinity for GluD1 is significantly lower than that of Cbln1 ([@R55]). Thus, the interactions between GluD1 and Cbln2 may play a relatively minor role in regulating corticostriatal and thalamostriatal synapses, compared to the regulatory functions of GluD1-Cbln1 interactions upon thalamostriatal synapses from Pf. We have previously found that ablation of GluD1 does not affect the excitatory neurotransmission in the prefrontal cortex, hippocampus or nucleus accumbens suggesting that there may be other compensatory mechanisms that normalize the excitatory neurotransmission in these regions (([@R17], [@R32]), current study). However, in both complete and St-GluD1 KO mice used in this study, we observed a reduction in the frequency of mEPSC and vGluT2 puncta suggesting a specific reduction in thalamostriatal glutamatergic innervation. Thus, our findings suggest that GluD1 is obligatory for the maintenance of excitatory thalamostriatal synapses on MSNs.

In the cerebellar cortex, a role of GluD2 in mGluR1-induced LTD is well established ([@R26]) and GluDs are known to interact via other signaling mechanisms with mGluRs ([@R53]; [@R27]; [@R50]). Based on these observations and the potential role of this form of plasticity in reversal learning, we evaluated the role of GluD1 in corticostriatal and thalamostriatal synaptic plasticity. Consistent with previous reports ([@R56]), we found an initial greater depression of corticostriatal than thalamostriatal synapses upon application of DHPG, but GluD1 loss did not affect DHPG-induced LTD at either synapses. Although delta receptors do not function as typical iGluRs, they have a ligandbinding domain similar to the GluN1 subunit where D-serine, glycine and other smaller amino acids can bind ([@R36]; [@R57]; [@R30]). Importantly, this interaction has been found to induce conformational changes in delta receptors and produce GluD2-dependent LTD at immature PF-PC synapses ([@R25]). We found that D-serine application led to a reduction in the amplitude of EPSCs at Pf-MSN synapses, but this was not significantly affected by ablation of GluD1 subunit, suggesting that GluD1 is not necessary for this form of plasticity. Because this neuroplastic effect was observed in the presence of NMDAR blockers AP5 and MK-801, it suggests that either GluD2 or GluN3-containing NMDA receptors or some unknown mechanisms may be responsible for this form of plasticity. Future studies are needed to clarify this issue. Although we did not test D-serine effect alone at corticostriatal synapses, we did not find a significant effect of D-serine on DHPG-induced LTD, which may be interpreted as saturation of LTD response or that D-serine does not induce LTD at corticostriatal synapses. Thus, although GluD1 is obligatory for maintenance of synapses and potentially synaptic composition, synaptic depression is not affected by loss of GluD1. Thus, GluD1 and GluD2 are similar is some function, but diverge in other. Difference in the C-terminal interaction of the two receptors may be responsible for some of the divergences.

7.2.. Thalamostriatal synaptic dysfunction in neuropsychiatric and neurological disorders {#S20}
-----------------------------------------------------------------------------------------

As discussed earlier, genetic studies demonstrate strong association of GRID1 with autism and schizoaffective disorders. In addition, Neurexin mutations are associated with Tourette syndrome, autism and szhizoaffective disorders ([@R49]). Thus, GluD1-Cbln1-Neurexin is a highly vulnerable node for neuropsychiatric disorders. One of the core symptoms in autism, Tourette syndrome and ADHD is increase in repetitive behaviors and impaired behavioral flexibility. Previous studies have used a wide variety of manipulations, primarily lesion and deactivation of Pf, to demonstrate a role of the Pf-striatal system in behavioral flexibility ([@R4]). The thalamostriatal pathway is relevant to Tourette syndrome, ADHD and OCD since DBS of CM/Pf relieve symptoms in some patients ([@R48]). Despite this information, our knowledge of synaptic mechanisms that underlie behavioral inflexiblity remains incomplete. Using region-specific ablation of GluD1, we found a strong phenotype of impaired behavioral flexibility in water T-maze test in mice with specific GluD1 ablation in the dorsal striatum. Interestingly, these animals also demonstrated faster habit acquisition and time to task completion. In addition, deletion of GluD1 from the dorsal striatum led to better performance in rotarod test with higher latency to fall which is also relevant to higher repetitive behavior. These behavioral findings are consistent with our previous observations that constitutive GluD1 KO mice exhibit greater task completion and lower working memory error in an 8-arm radial maze task, but display slower learning in a water maze reversal task ([@R59]). In optogenetic studies, we identified a specific increase in AMPA/NMDA ratio at Pf-MSN synapses upon GluD1 ablation. We hypothesize that this change in synaptic function may enhance plasticity mechanisms which facilitate learning during acquisition phase and impair behavioral flexibility during reversal learning. Future studies using genetic manipulations to control Pf-MSN synapses will be necessary to identify the precise molecular switch that underlies impaired behavioral flexibility.

In addition to cognitive function in neuropsychiatric disorders, the thalamostriatal system is also important in neurological disorders. Pf undergoes severe neuronal loss in Parkinson's and Huntington diseases (PD and HD) ([@R20]; [@R19]) and it has been suggested that degeneration of the Pf-MSNs thalamostriatal system may contribute to cognitive impairments associated with these disorders ([@R48]). The reports of reduced Pf activity and Pf-MSN neurotransmission in PD models ([@R39]; [@R40]), and evidence that deep brain stimulation (DBS) of CM/Pf provides relief of symptoms in PD patients ([@R29]; [@R6]; [@R46]) further support the functional importance of this system in PD. Our results of a critical role of GluD1 in regulating thalamostriatal synapses together with the evidence that both Cbln1 and Neurexin S4+ variant, which interact with Cbln1-GluD1, are controlled in an activity-dependent manner ([@R23]; [@R24]) suggest that changes in expression in response to pathological insults can precipitate synaptic dysfunction in neurological disorders such as PD and HD.

8.. Conclusion {#S21}
==============

In conclusion, we have identified a unique role of GluD1 in the organization of neural circuits in the dorsal striatum which provides a mechanism by which genes associated with neuropsychiatric disorders may lead to precipitation of impaired behavioral flexibility. Because both Cbln1 and splicing of neurexin are controlled in an activity-dependent manner ([@R23], [@R24]), it is an intriguing possibility that the GluD1-Cbln1-Neurexin complexes at thalamostriatal synapses may serve as a physiological switch to govern behavioral flexibility both in normal and disease states.
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![Deletion of GluD1 from the striatum but not corticolimbic region impairs behavioral flexibility. A. Strategy for deletion of GluD1 from corticolimbic region. BB'. No significant difference was observed in the number of percent trials without errors across days during habit acquisition (genotype \[F (1, 11) = 0.7664, *p* = .4000)\], Two-way repeated measures ANOVA) or latency to find the platform (genotype \[F (1, 11) = 0.1618, *p* = .6952)\]) (*N* = 6 for WT and *N* = 8 for Corticolimbic (CL)-GluD1 KO). B″-B"'. No significant differences were observed in total errors (genotype \[F (1, 11) = 0.9646, *p* = .3471\]) or preservative errors (genotype \[F (1, 11) = 1.35, *p* = .2699\]) during the reversal learning in corticolimbic-GluD1 KO. C. In the rotarod test, during test phase no significant difference in the latency to fall was observed in WT and CL-GluD1 KO mice (N = 11 for WT and N = 10 for CL-GluD1 KO; Two-way repeated measures ANOVA genotype \[F (1, 19) = 1.402, *p* = .2511)\], trials \[F (5, 95) = 10.3, *p* \< .0001)\] and interaction \[F (5, 95) = 0.2416, *p* = .9430\]). D. In the open field test, no significant difference was found between WT and CL-GluD1 KO mice in total distance traveled (N = 10 for WT and N = 14 for CL-GluD1 KO; WT 39.44 ± 2.71, vs CL-GluD1 KO 43.96 ± 1.538, *p* = .1683, unpaired *t*-test). E. Strategy to deletion of GluD1 from striatal neurons. F. Mice were tested in water T-maze test. No significant difference was observed in the percent trials without errors on training days between the two groups (N = 12 for WT and N = 14 for St-GluD1 KO). F′. The latency to reach the platform during the training phase was significantly shorter in St-GluD1 KO. Two-way repeated measures ANOVA revealed a significant effect of genotype \[F (1, 24) = 6.236, *p* = .0198)\] and time \[F (7, 168) = 15.35, *p* \< .0001)\] on latency to find platform. Bonferroni's post-hoc test revealed a significant reduction in latency to find platform in the St-GluD1 KO mice (day 2: *p* = .0107). F″. In the reversal learning test St-GluD1 KO mice made significantly more total errors across days. Comparison of errors in all ten trials for each day was conducted by two-way repeated measures ANOVA which revealed a significant effect of genotype \[F (1, 24) = 31.21, *p* \< .0001)\], time \[F (5, 120) = 151.9, *p* \< .0001)\] and interaction \[F (5,120) = 18.19, *p* \< .0001 on total errors. Bonferroni's post-hoc test revealed a significantly higher number of total errors in the St-GluD1 KO mice (day 1: *p* ≤ .0001). F″'. St-GluD1 KO mice made more perseverative errors. Comparison of total preservative errors per day across days by two-way repeated measures ANOVA revealed a significant effect of genotype \[F (1, 24) = 16.93, *p* = .0004)\], time \[F (5, 120) = 167.5, *p* \< .0001)\] and interaction \[F (5,120) = 12.59, *p* \< .0001\] on total preservative errors. Bonferroni's post-hoc test revealed a significantly higher number of total errors in the St-GluD1 KO mice (day 1: *p* \< .0001; day 2: *p* = .0105). All data are presented as mean ± SEM. G. In the rotarod test, the latency to fall during test phases was longer in St-GluD1 KO mice than WT (*N* = 13 for WT and *N* = 17 for St-GluD1 KO). Two-way repeated measures ANOVA revealed a significant effect of genotype \[F (1, 28) = 9.190, *p* = .0052)\], trials \[F (5, 140) = 13.55, *p* \< .0001)\] and interaction \[F (5, 140) = 0.4604, *p* = .8052\] on falling latency. Bonferroni's post-hoc test revealed a significant difference in falling latency of St-GluD1 KO mice (trial 2 WT 68.36 ± 6.722 vs St-GluD1 KO 101.6 ± 8.405: *p* = .0270; trial 4 WT 74.47 ± 7.464 vs St-GluD1 KO 105.7 ± 9.552: *p* = .0458; trial 6 WT 74.85 ± 8.605 vs St-GluD1 KO 108.0 ± 8.649: *p* = .0275). H. In the open field test, no significant difference was found between WT and St-GluD1 KO mice in total distance traveled (N = 13 for WT and N = 17 for St-GluD1 KO; WT 30.65 ± 2.405 vs St-GluD1 KO 37.39 ± 2.442, *p* = .0641, unpaired *t*-test).](nihms-1551653-f0001){#F1}

![GluD1 in the dorsal striatum controls behavioral flexibility. A. Strategy for local ablation of GluD1 from dorsal striatum. AAV-eGFP or AAV-eGFP-Cre were stereotaxically injected into the dorsal striatum of GluD1^flox/flox^ mice. B. Striatal AAV-eGFP and AAV-eGFP-Cre mice did not show any significant change in the percent trials without errors on training days (*N* = 7 for AAV-eGFP and 7 for AAV-eGFP-Cre). B′. The latency to reach the platform during the training (habit acquisition) phase was shorter in AAV-eGFP-Cre compared to the AAV-eGFP group. Two-way repeated measures ANOVA treatment \[F (1, 12) = 13.95, *p* = .0029)\], days \[F (6, 72) = 5.064, *p* \< .0002)\] and interaction \[F (6, 72) = 0.5384, *p* = .7773. Post-hoc Bonferroni's test revealed significance at day 2: AAV-eGFP 32.24 ± 4.718 vs. AAV-eGFP-Cre 14.53 ± 2.878, *p* = .0343; day 5: AAV-eGFP 24.16 ± 2.635, vs. AAV-eGFP-Cre 12.16 ± 1.96, *p* = .0279; day 6: AAV-eGFP 19.64 ± 2.532, vs AAV-eGFP-Cre 7.814 ± 1.729, *p* = .0316. B″. During reversal learning test, AAV-eGFP-Cre mice made significantly more total errors compared to AAV-eGFP group. Two-way repeated measures ANOVA treatment \[F (1, 12) = 19.05, *p* = .0009)\], days \[F (5, 60) = 18.49, *p* \< .0001)\] and interaction \[F (5, 60) = 3.057, *p* = .0160\]. Bonferroni's post-hoc test revealed significance on day 1 (AAV-eGFP 7.571 ± 0.4809 vs. AAV-eGFP-Cre 17.29 ± 4.932, *p* \< .0002); day 2 (AAV-eGFP 0.8571 ± 0.3401 vs. AAV-eGFP-Cre 7.429 ± 1.11, *p* \< .0220). B″'. Similarly, AAV-eGFP-Cre committed more number of perseverative errors compared to AAV-eGFP group. Two-way repeated measures ANOVA treatment \[F (1, 12) = 31.69, *p* = .0001)\], days \[F (5, 60) = 28.2, *p* \< .0001)\] and interaction \[F (5, 60) = 5.064, *p* = .0006\]. Bonferroni's post-hoc test revealed significance on day 1 (AAV-eGFP 6.429 ± 0.8411 vs AAV-eGFP-Cre 14.14 ± 2.874, *p* \< .0001); day 2 (AAV-eGFP 0.5714 ± 0.2974 vs AAV-eGFP-Cre 7.429 ± 1.11, *p* \< .0001). C. In the rotarod test, the latency to fall during test phase was longer in AAV-eGFP-Cre than AAV-eGFP injected mice (N = 14 for AAV-eGFP and N = 13 for AAV-eGFP-Cre). Two-way repeated measures ANOVA revealed a significant effect of genotype \[F (1, 25) = 37.4, *p* \< .0001\], trials \[F (5, 125) = 5.19, *p* = .0002\] and interaction \[F (5, 125) = 1.38, *p* = .2360\] on falling latency. Bonferroni's post-hoc test revealed a significant difference in falling latency of AAV-eGFP-Cre mice (trial 1 AAV-eGFP 61.52 ± 5.466 vs AAV-eGFP-Cre 104.3 ± 6.22: *p* \< .0001; trial 2 AAV-eGFP 49.94 ± 5.615 vs AAV-eGFP-Cre 84.82 ± 5.487: *p* \< .0002; trial 3 AAV-eGFP 67.91 ± 4.34 vs AAV-eGFP-Cre 98.85 ± 4.789: *p* \< .0014; trial 4 AAV-eGFP 64.35 ± 4.988 vs AAV-eGFP-Cre 94.72 ± 5.995: *p* \< .0018; trial 6 AAV-eGFP 72.28 ± 4.11 vs AAV-eGFP-Cre 101.3 ± 9.748: *p* \< .0032). D. In the open field test, no significant difference was found between AAV-eGFP and AAV-eGFP-Cre injected mice in total distance traveled (N = 16 for AAV-eGFP and N = 17 AAV-eGFP-Cre; AAV-eGFP 47.88 ± 4.587 vs AAV-eGFP-Cre 52.78 ± 3.614, *p* = .4080, unpaired *t*-test). E. Strategy of deletion of GluD1 from ventral striatum. AAV-eGFP or AAV-eGFP-Cre vectors were setereotaxically injected into the ventral striatum of GluD1^flox/flox^ mice. F. During the habit acquisition no significant difference was observed between AAV-eGFP and AAV-eGFP-Cre mice, (treatment \[F (1, 17) = 2.466, *p* = .1347, Two-way repeated measures ANOVA) (N = 9 for AAV-eGFP and 10 for AAV-eGFP-Cre). F′. No significant differences were observed in the latency to find the platform, although a trend for higher latency was observed on day 2 (treatment \[F (1, 17) = 0.9066, *p* = .03544)\]). F″-F″'. No significant differences were observed in total errors (treatment \[F (1, 17) = 4.523, *p* = .0484\]) or preservative errors (treatment \[F (1, 17) = 4.055, *p* = .0601\]) during the reversal learning in corticolimbic-GluD1 KO. G. In the rotarod test, during test phase no significant difference in the latency to fall was observed in AAV-eGFP and AAV-eGFP-Cre injected mice (N = 9 for AAV-eGFP and N = 9 for AAV-eGFP-Cre; Two way repeated measures ANOVA genotype \[F (1, 16) = 0.3285, *p* = .5745\], trials \[F (5, 80) = 4.826, *p* = .0007\] and interaction \[F (5, 80) = 0.3245, *p* = .8968\]). H. In the open field test, no significant difference was found between AAV-eGFP and AAV-eGFP-Cre injected mice in total distance traveled (N = 9 for AAV-eGFP and *N* = 10 AAV-eGFP-Cre; AAV-eGFP 54.76 ± 6.085 vs AAV-eGFP-Cre 48.2 ± 4.254, *p* = .3917, unpaired t-test). All data are presented as mean ± SEM.](nihms-1551653-f0002){#F2}

![GluD1 is preferentially localized in striatal dendrites and co-localized with vGluT2 puncta. A-B. Light micrographs showing lack of striatal GluD1 immunostaining in GluD1 KO mice, confirming the specificity of the GluD1 antibody used in our study. In A and A', asterisks indicate areas of striatum, reminiscent of the striatal patch compartment, with low expression of GluD1 immunoreactivity. C-E. Examples of GluD1-immunoreactive dendritic shafts (Den), spines (sp) and glial processes (Gl) in the mouse dorsal striatum. Unlabeled terminals (u.Te) and spines (u.Sp) are also indicated. Scale bars in A: 1 mm (valid for B); C: 1 μm (valid for DF). F. Histogram showing the relative proportion of the different GluD1- positive elements in the mouse dorsal striatum (*N* = 3 mice; total surface area of tissue analyzed: 5987.35 μm^2^; total number of labeled elements sampled: 808). Note the predominance of labeling associated with dendritic shafts and glial processes compared with spines. G. Confocal images of dorsal striatum tissue co-labeled with GluD1 and vGluT1 or vGluT2. Arrows indicate co-localized puncta. Total number of GluD1-labeled punctate structures co-localized with vGluT1 or vGluT2 puncta per 2000 μm^2^ striatal surface area. A higher percent of GluD1 elements were found in apposition with vGluT2 than vGluT1 puncta; vGluT1 1.12 ± 1.02 vs. vGluT2 10.31 ± 1.46, *p* = .005, Unpaired t-test (N = 3 animals). All data are presented as mean ± SEM.](nihms-1551653-f0003){#F3}

![Striatum specific ablation of GluD1 leads to reduced excitatory neurotransmission in MSNs. A. A significant reduction in the frequency of mEPSC was observed in St-GluD1 KO (WT: 6.57 ± 0.7 Hz vs. St-GluD1 KO: 2.99 ± 0.46 Hz, *p* = .0004, Unpaired *t*-test). Inter-event interval (IEI) was also significantly reduced (*p* = .0021, KeS test) (*N* = 11--12 from 3 to 4 animals per genotype). No change in amplitude was observed (WT: 12.73 ± 0.27 pA vs. St-GluD1 KO: 12.65 ± 0.55 pA, *p* = .894, Unpaired *t*-test). B. No significant change in mIPSC frequency or amplitude was observed (frequency: WT: 1 ± 0.08 Hz vs. St-GluD1 KO: 0.86 ± 0.14 Hz, p = .409; amplitude: WT: 11.92 ± 0.69 pA vs. St-GluD1 KO: 12.92 ± 0.8 pA, *p* = .366; Unpaired t-test) (N = 10--12 from 3 to 4 animals per genotype). All data are presented as mean ± SEM. C. Reduced excitability of MSNs in St-GluD1 KO (*N* = 7--8/genotype from 3 animals; 280 pA: WT 16.86 ± 2.32 Hz vs. St-GluD1 KO 8 ± 2.6 Hz, *p* = .016; 300 pA: WT 18.29 ± 2.27 Hz vs. St-GluD1 KO 9.25 ± 2.58 pA, *p* = .013; Two-way ANOVA with Bonferroni's post-hoc test). D. No change in resting membrane potential (*p* = .9645, unpaired t-test), input resistance (*p* = .1220, unpaired t-test) or rheobase (*p* = .4617, unpaired t-test) of MSNs in St-GluD1 KO. All data are presented as mean ± SEM. E. A significant reduction in the number of striatal vGluT2, but not vGluT1, puncta was found in St-GluD1 KO (vGluT1: WT 100 ± 7.703% vs. St-GluD1 KO 112.932 ± 15.469% of WT, *p* = .5649; vGluT2: WT 100 ± 12.482% vs. St-GluD1 KO 32.482 ± 4.341% of WT, *p* = .0003; unpaired t-test, *N* = 5 mice/genotype for vGluT1 and 9 mice/genotype for vGluT2). All data are presented as mean ± SEM.](nihms-1551653-f0004){#F4}

![Specific increase in the AMPA/NMDA ratio at Pf-MSN synapses in St-GluD1 KO. A. Viral vector injections in the Pf (top row) and resulting anterograde labeling of the thalamic projections in the dorsal striatum (bottom row) in WT and St-GluD1 KO mice. B. Light-evoked EPSCs (in the presence of picrotoxin (PCTX)), sensitive to CNQX and AP5, were recorded in striatal MSNs (\*\* *p* \< .01). C. No significant change in paired-pulse ratio across different inter-stimulus interval was observed between WT and KO animals \[*p* \> .876 for all intervals, Two-way ANOVA with Bonferroni's post-hoc test (N = 7--10 from 3 to 4 animals per genotype)\]. D. A significant increase in the AMPA/NMDA ratio was observed at Pf-MSN synapses in St-GluD1 KO \[WT 0.35 ± 0.05 vs. St-GluD1 KO 0.98 ± 0.24, p = .033; Unpaired t-test (N = 8--10 from 3 to 4 animals per genotype)\]. E. No change in the rectification of AMPA receptor responses in St-GluD1 KO; *p* \> .999 for all voltages; Two-way ANOVA with Bonferroni's post-hoc test (*N* = 6 from 3 animals per genotype). All data are presented as mean ± SEM.](nihms-1551653-f0005){#F5}

![No change in the function of corticostriatal synapses in St-GluD1 KO. A. No change was observed in the paired-pulse ratio in St-GluD1 KO; *p* \> .999 for all intervals, Two-way ANOVA with Bonferroni's post-hoc test. (N = 10 from 4 mice per genotype). B. No change in AMPA/NMDA ratio at corticostriatal synapses; WT 2.23 ± 0.19 vs. St-GluD1 KO 2.33 ± 0.35, *p* = .807, Unpaired t-test (N = 9 from 3 mice per genotype). C. No change in the evoked spike threshold; WT 3.5 ± 0.68 mA vs. St-GluD1 KO 3.13 ± 0.39 mA, *p* = .629, Unpaired t-test (N = 7--8 from 3 mice per genotype). All data are presented as mean ± SEM.](nihms-1551653-f0006){#F6}
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